present the evolution of rf-SQUlDs towards modern planar thin film devices. My main objective is to describe our own planar HTS rf washer SQUIDs and tlieir operation with coplanar resonators and multiturn flux trausformers. This publication is dedicated to the memory of J.E. Zimmerman, whose ideas have guided us through the development of rf SQUID planar technology.
I. INTRODUCTION
im Zimmerman contributed not only to the development of bulk superconducting quantum interference devices (SQUIDs) from conventional materials (LTS) 111, [2] , but he also was the first to demonstrate high-temperature superconductor (HTS) radio-frequency (rf) SQUIDs with break junctions [3] . While he did not develop thin film SQUIDs, his ideas had a great impact on the developinent of planarized structures. For example, his fractional turn SQUID idea was later implemented in thin-film, low-inductance dc SQUIDs
In the early go's, Jaycox and Ketchen introduced the washer SQUID in order to achieve a tight coupling between the SQUID loop and an integrated input coil [7] . This, and the reliable Nb/A1,0, junction technology, greatly improved the performance, reproducibility and applicability of dc SQUID magnetometers. Commercial multi-channel systems, e.g. for magnetoencephalography, thus became possible [8] ,
In fact, the availability of high-performance dc SQUIDs removed the incentive to develop thin-film rf SQUIDs which were believed to be less sensitive. Only the advent of HTS provided that incentive. In this publication, we review the challenges of developing low-noise HTS thin film rf SQUIDs and show specific solutions which make their performance comparable to that of dc SQUIDs. J 141461.
[91.
FIRST GENERATION HTS RF SQUID MAGNETOMETERS
Sensitive HTS magnetometers can only be made as planar stmctures, due to the absence of thin HTS wires for use as pickup coils.
All our superconducting structures discussed below were patterned from 200 nm thick epitaxial YBa,Cu,O, (YBCO) films, typically on 1 mm thick LaAlO, substrates. We fabricated the rf SQUIDs using step-edge junctions [lo] . The need for only one junction in rf SQUID was seen as a potential advantage in the early stages of HTS technology. An overview of past and recent work on junction technologies and HTS rf SQUIDs can be found elsewhere 1111- [13] .
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The field resolution B, of a magnetometer is determined by two factors:
where aB/&$ is the flux-to-field transformation coefficient and dS, is the flux noise of the SQUID. Larger washers lead to smaller values of the flux-to-field coefficient and thus improve the field resolution.
Our first successful design for HTS rf SQUID magnetometers comprised a large washer area of about 8 x 8 m2 used as a flux focusing structure (see Fig. 1 ). In 1992, we could demonstrate a field resolution, B,, of less than 200 fT/.\jIlz at 77 K. With such washer SQUIDs, we could not only measure the human heart signal but were also able to detect an auditory evoked brain signal in a standard magnetically shielded room 1141, 1151.
The effective area of the SQUID washer -and thus its field resolution-can be increased by the use of further flux concentrators in a flip-chip configuration. For example, concentrators from bulk material or thin films of 1" in diameter reduce the field-to-flux coefficient from about 2 to 0.6 nT/$,. Using this approach, Tavrin and Borgmann assembled firstand second-order gradiometers and detected human heart signals in a magnetically unshielded environment [ 161, [ 171. In this first generation of HTS rf SQUID magnetometers:
The conventional tank circuit consisted of lumped elements like in bulk technology. The rf-bias frequency was lower than 300 MHz. The SQUID magnetometer comprised a single-layer or flip-chip washer with a large area. The flux noise of the SQUIDs was relatively high, d S , = 60 to 100 p~+,/dHz for SQUID inductances L, of about 150 to 300 pH. The success of this generation of HTS rf SQUID magnetometers is due to the reduction of the value of the flux-to-field coefficient by the large washer area. However, the flux noise of the SQUID system still remained large. Solution to this problem was found in the second generation of HTS rf SQUID magnetometers. 
SECOND GENERATION HTS RF SQUID MAGNETOMETERS

A . Considerations fop Optimum Tank Circuit Behavior
Kurkijarvi developed a theory of noise in rf-SQUID systems [ 181, and identified three sources of noise:
intrinsic noise in the SQUID noise of the tank circuit (and connecting cable) preamplifier noise. According to this theory, the increase of the rf-bias frequency f, reduces the system flux noise.
Subsequently, Jackel and Buhrman [19] and others experimentally verified this theory. We note here that this theory is based on the assumption of a high impedance of the tank circuit and, especially, of the preamplifier. In practice, the cable between the tank circuit and the preamplifier forms part of the tank circuit, and thus puts an upper limit on f,. Also, the preamplifier cannot maintain a high input impedance at high frequencies. Using the scheme of a high impedance, f, usually was lower than 40 MHz. The loaded quality factor Q of the lumped element tank circuit was in the range of several tens at 77 K.
To further increase f,, several low-impedance connection schemes using SO Q cables between the tank circuit and the preamplifier were developed [20]- [22] . One of them was used for the first generation of HTS SQUID magnetometers.
An ideal tank circuit fulfils the following requirements: high rf-bias frequency f, high unloaded quality factor Qo proper coupling k2 between the tank circuit and the SQUID loop ( k2Q > 1 must be fulfilled [23] , [24] ) easy adjustment of the impedance matching between the tank circuit and the connecting cable.
B. Planar Resonators Serving as Tank Circuits
Several resonators were investigated and evaluated for optimum operation with thin film rf SQUIDs a) The Ai2-Resonator Muck and Heiden were the first to introduce planar superconducting tank circuits for operation of LTS rf SQUIDs [2S] . A microstrip line made from niobium thin film served as a resonator, evaporated onto a sapphire substrate. The f, of this resonator corresponds to its effective half wavelength, A. This AM-resonator structure consisted of the microstrip line, the substrate as a dielectric and a metallic ground plane. The maximum voltages of the resonator are located at the resonator ends, while the maximum current is at the center. The SQUID was patterned at this very location (see Fig. 2 ) to enhance its coupling to the resonator, so that kZQ > 1 could be satisfied.
In these experiments, the h/2-resonator had a resonant frequency of about 3 GHz. Because of the employment of a superconducting resonator, the flux noise, dS4, of the rf SQUID system was reduced to values thus far known only for LTS dc SQUIDs. Using HTS thin films we, too, could obtain low d S , with an S-shaped 3 GHz microstrip resonator
The work by Muck and Heiden was the first successful demonstration of a thin film rf SQUID system with flux noise as low as in the best dc SQUIDs. They also were the first to integrate the resonator with the SQUID on a single substrate.
Unfortunately, the use of the microstrip line as both the tank circuit and the flux concentrator wasn't ideal for singlelayer I-ITS magnetometers, because it produced too low of an effective area (high aB/a@). Ideally, the entire area of the substrate could be used to concentrate flux, as in the first generation magnetometers, but optimum operation for rf SQUIDs must be fulfilled to attain low flux noise.
[261.
b) The A-Resonator and Two Other Resonators A closed microstrip line (ring) can be used as a fullwavelength @)-resonator. This ring can also act as a pick-up loop for the SQUID magnetometer [27] . A schematic of this layout is shown in Fig. 3 . This concept seemed very promising for magnetometer layouts, but the coupling between the SQUID and the resonator was found to be too small (k2Q<<1), although the Q value can be rather large. From these investigations, we learned that the coupling is largely determined by the current distribution in the resonator, and a high Q value alone is not a sufficient criterion for proper SQUID operation. Subsequently, we experimented with bulk dielectric resonators [28] and planar lumped element (hairpin) resonators [29] .
All of these permitted us to obtain a high resonant frequency, a high unloaded quality factor Qo, and an improved flux focusing. However, for different reasons, none of them was practical for optimum operation. The k2Q was either too low or too difficult to adjust. Nevertheless, some of these approaches might still have potential for the future. 
c) Washer SQUIDs with Surrounding Planar Resonators
In the process of our investigations, an evolution of the resonator structure has taken place. In bulk HTS SQUIDs the coil of the tank circuit is located inside the SQUID loop. In our planar layout [30] , however, we settled on the tank circuit resonator surrounding the large SQUID washer, as shown in Fig. 4 . A microstrip line (or a modified planar hairpin resonator) is integrated with a large washer on a single chip. The coupling is not galvanic, like in the case of the h/2-and h-resonator, but inductive, like in the case of bulk SQUIDs.
We found four advantages of such planar resonators: A optimum combination of superconducting planar resonator and large area washer SQUID could be obtained on a single substrate. The inductive coupling coefficient k between the SQUID and the resonator could be estimated easily from simple geometrical considerations. A more accurate value of this coefficient could be simulated by taking the actual current density in the structure into account [31] . We could use inductive coupling to easily match the electronics to the SQUID. The matching loop, shown in Since we didn't want to use a superconducting ground plane on a separate substrate, we eventually settled on a coplanar resonator, to simply get rid of the ground plane [33] , [34] . Figure 6 shows two examples of the integration of circular and square coplanar resonator with the flux concentrator. The inner hole of the concentrator was 1.5 mm in diameter. The SQUID is positioned (centered) on top of the concentrator. We adopted the flip-chip configuration as standard, to be able to fabricate on one substrate multiple small SQUIDs, 2.5 to 3.5 mm in diameter, and thus to improve fabrication yield.
The width of the two coplanar microstrip lines was 100-200 pm each, while radial spacings between the concentrator and the inner microstrip line and between the microstrip lines themselves were about 100 pm.
We varied the angle 8 between two microstrip resonator slits openings, to adjust the resonant frequency. The introduction of a short between microstrip lines offered another possibility to adjust f, over an even wider range. The angular position of this optional short relative to the opening of the inner microstrip is denoted by 5. Table 1 shows the dependence of the resonant frequency on layout parameters, such as the diameter of the resonator, the angle 8, and the short position k. Details are given in [34] . Tradionally, rf SQUIDs operated at a low rf-bias frequency, and cooled by liquid helium, had energy resolution only slightly better than = 1 x 1 0-29 J/Hz, yet our experimental values at 77K are over an order of magnitude lower. Our low-SQUIDs operate in the dispersive regime. These results are in semi-quantitative agreement with an extention of the conventional rf SQUID theory by Chesca [36] , which was experimentally verfied for our SQUIDs by Zeng et al. [35] . In the optimum regime, the flux-voltage characteristics of the rf SQUID is not triangular, but has a nearly rectangular form with large aV/d@values in the range of several 100 pV/$,,, Thus, the preamplifier contributes less to the system noise.
C. Planar "Toroidal" Layout
Interestingly, low-frequency flux noise in SQUIDs with a coplanar resonator is not reduced in comparison to the conventional tank circuit (for example, see Fig. 2 of [33] ).
There are only a few publications on the low-frequency behavior of rf SQUIDs. Muck et al. discussed the low frequency noise caused by fluctuations of the junction resistance and critical current [37] . We have described the low frequency noise caused by bubbling of liquid nitrogen [38] . Yet neither mechanism seems to cause the observed low frequency noise in our coplanar resonator SQUID.
The bias point of dc SQUIDs is determined by the applied bias current, I,,. The environment has practically no influence on the value of I,, as long as the SQUID is not shunted by an external parallel resistor. For rf SQUIDs, however, metallic or dielectric objects brought in close vicinity to the SQUID or the tank circuit can change the rf field distribution between the SQUID and the tank circuit and thus its operating point, even if these objects are nonmagnetic. As a consequence, additional low-frequency noise can be introduced by these processes.
In our coplanar layout, the resonator surrounds the washer and radiates into space, i.e., this configuration is an open system with the surroundings being part of the resonator. To enhance the stability of the SQUID operating point, the electromagnetic field radiated by the resonator has to be confined to the vicinity of the SQUID.
This can be achieved by two methods. First, the LaA10, substrate can be replaced by SrTiO,, whose dielectric constant E is two orders of magnitude higher and thus confines the rf energy of the resonator mostly inside the substrate. Second, the coplanar resonator can be embedded into the washer (pickup loop) as shown in Fig. 7 . In this case, the pickup loop, apart from concentrating the magnetic flux into the SQUID, shields the resonator and thus reduces (limits) its radiation.
In bulk technology, this idea was implemented already in 1973 as the, so-called, toroidal SQUID [39] [40] . At that time, the excellent coupling between the SQUID and the tank circuit, and the excellent shielding against external magnetic disturbances had been mentioned. Here, we point out that the stabilization of the rf SQUID operating point is another advantage of the toroidal structure.
In the layout of Fig. 7 on lcm2 substrates, we obtained f, values of about 500 MHz and Qo values of several 1000 at 77 K. First noise measurements showed a field noise of about 50 fT/dHz at less than 5 Hz. Details of this work will be reported in a future publication. 
D. Second Generation r f SQUID magnetometers: Summary
The development of the second generation of HTS rf SQUID magnetometers took about 8 years. The goal of the second generation, the reduction of the flux noise, was achieved by the integration of the large washer SQUID with the coplanar resonator. Such resonators may comprise more than two microstrip lines. This leads to the labyrinth resonators described next.
Using the described 2'Id generation SQUIDs we demonstrated many SQUID applications in biomagnetism, geomagnetism and nondestructive evaluation [41]-[43] .
The field resolution may further be enhanced by the use of a multiturn flux transformer, which improves the value of i?B/ab.
IV. THIIXJ GENERAI'ION HTS RF SQUID MAGNETOMETERS
The improvement of field sensitivity of HTS dc SQUID magnetometers by planar multiturn flux transformers has been demonstrated [44] , [45] . However, rf SQUID magnetometer had never been used in combination with a planar multilayer structure.
At first, we replaced the flux concentrator by a multiturn flux transformer. Its pickup loop was surrounded by the coplanar resonator. However, the resonance of the resonator could no longer be observed, once the connecting strip (crossover) was closed, due to damping [46] . This behaviour was also confirmed by computer simulations [47] .
We eventually understood that the rf circuit must be separated from the dc circuit (here, the flux transformer consisting of a pickup loop and an input coil is called "dc circuit".)
In [46], we describe our solution, a planar double-hole SQUID that is coupled to a pickup loop with two input coils in flip-chip configuration. This was the first successful design of a multirf shunt layer transformer for rf SQUID operation. Fig. 8a shows the layout of this SQUID magnetometer. The coplanar resonator surrounds the pickup loop. A thin-film normal metal shunt is introduced to short the multiturn transformer coil, resulting, for high frequencies, in an equivalent circuit of Fig. 8c . For low frequencies, however, this shunt has no effect because of the superconducting input coil, which leads to an equivalent circuit shown in Fig. 8d . A double-hole SQUID of Fig. 8b is placed onto the resonator chip in the flip-chip configuration.
This design was inspired by the double-hole SQUID of Zimmerman et al [2] . In the niobium bulk technology, they separated the rf and the dc circuits. One hole of a double-hole SQUID was coupled to the dc circuit, the other one to the rf circuit (tank circuit).
We measured a white noise of 15 p$,/.\IHz in this configuration, corresponding to a field resolution of 22 fT/.\IHz. This design still has the disadvantage of not entirely separating the rf and dc circuits. The rf shunt does not carry all of the rf current across the slit. Hence, the multiturn coil damps the coplanar resonator, resulting in a reduced quality factor Q.
To improve the design, we considered the following points:
0
The pickup loop of the dc circuit should enclose the entire substrate area of lcm2 to minimize aB/@.
The resonator should have a small size, because it must be embedded into the pickup loop, but f, should still not exceed the critical frequency f, = RN/(271LS). The two circuits (rf and dc) should be fully separated. To meet these requirements, we developed the labyrinth resonator, which is shown together with the layout of the rf SQUID magnetometer in Fig. 9 [48] . For a 5-ring resonator with a diameter of 5.5 mm, we found f, = 460 MHz and Qo of about 1000. The condition for optimum SQUID operation (k2Q>1) could be easily fulfilled because of the better coupling between the SQUID and the labyrinth resonator.
The i3B/a$ of this layout was found to be lower than 0.9 nT/$,. The field resolution of this rf SQUID magnetometer was about 11.5 fT/dHz, which is comparable to values obtained by the best HTS dc SQUIDS.
The work on the third generation is still at a preliminary stage. The film quality plays a major role for the low frequency noise and now has to be improved even further.
